ABSTRACT
INTRODUCTION
The existence of supercoil induced non-B DNA secondary structures, and their potential role in the regulation of gene expression, has been discussed in several reviews (1, 2, 3, 4) . DNA supercoiling is an endergonic process and the stored free energy is thought to stabilize unusual DNA secondary structures (5) such as slippage sites (6, 7) , cruciforms (8, 9) and Z DNA (10) . The free energy of supercoiling can also be coupled to processes that induce unwinding of the DNA helix, such as transcription (11, 12) .
While the importance of secondary structure formation in RNA for the regulation of transcription termination, RNA processing, and turnover is well known (13, 14) , the significance of DNA secondary structure for the regulation of transcription is just emerging. Sequences capable of transition from B to Z DNA have been shown to induce early termination (15) or to act as a transcriptional block in vitro (16) , at superhelicities that favor the B to Z transition. The introduction of a palindromic sequence within the -35 to +1 region of an E. coli promoter has been shown to prevent transcription in a supercoil dependent manner (17, 18) . However, a direct effect of cruciforms on transcription elongation, such as that shown for B to Z transitions, has not been demonstrated. Recent findings that support the twinsupercoiled-domain model of RNA transcription point to a role of transcription in induction of DNA supercoiling and therefore in DNA secondary structure (19) (20) (21) (22) (23) (24) . To study the effect of transcription on cruciform stability, we have used a mutant of the genetically well defined genome of OX174. The mutant strain ins6240 contains a 48 bp palindromic insert in the region between genes J and F (25) . We have previously studied the structural alterations of wt and mutant replicative form (RF) DNAs in response to changes in supercoil, using single-strand specific nucleases as probes for cruciform formation (26 The construction of this strain was described in detail before (25) . E. coli strain HF4714 contains an amber suppressor and was used as the permissive host (27) . E. coli C was the non-permissive host.
Preparation and in vitro supercoiling of 4X174 replicative form (RIF) DNA Procedures were carried out as described previously (26 (26) . Cleavage at the J-F synthetic cruciform is represented by fragments 4,100 and 1,400 bp long.
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.Elm' Figure 1 . Effect of transcription buffer and RNA polymerase binding on DNA secondary structure. DNA from 4X174 strain ins6240 was supercoiled in vitro, heated at 650 for 30 min and allowed to cool slowly to room temperature. The DNA was then incubated for 1 min at 370 in transcription buffer without (lanes a to e) or with E. coli RNApol (lanes f to j) . The presence of cruciforms in the DNA was then probed with Bal3l nuclease. After removal of the nuclease with phenol, the DNA was digested to completion with AvaIH, end-labeled with 32P and electrophoresed on a 1.4% agarose gel (26 (12) . Nevertheless, the synthetic cruciform is the predominant structure at mean a = -0.05 (lane h). Furthermore, the cruciform is stable for at least 60 min after binding of the RNApol (Fig. 2) . A decrease in the migration during electrophoresis of the DNA template in the presence of the RNApol (Fig. 3) indicates that the polymerase is actually bound to the template. Nevertheless, the number and size of the transcripts obtained from heated (650) or unheated (40) templates (ie with or without the cruciform, respectively) are identical (Fig. 4B ). Fig. 4C shows the location of the 3 known promoters in the 4X174 genome, which are located upstream from the J-F intercistronic region (ie the synthetic palindrome in ins6240 Thus, most in vivo and in vitro transcripts are polycistronic and include the J-F region. Based on the distance between the promoters and the J-F region (Fig. 4C) , and the size distribution of our in vitro transcripts (Fig. 4B) p, (24521 P, (1 15) PD (610) i;------ij L S raLC 1 (16, 33 ). This hypothesis was tested in our system using as template unheated DNA, where the inserted palindrome was Figure 5 . Effect of transcription elongation on cruciform stability. Heated DNA (650) from <X174 strain ins6240 with a mean a = -0.05 was incubated in transcription buffer with RNApol at 37°for 1 min. Transcription was then initiated by addition of nucleotide triphosphates (NTP). The presence of cruciforms was assayed with Ba3 1, followed by electrophoresis (see Methods and legend to Fig.  1 ) in the pre-initiation complex (pi, 1') and 3, 10 or 40 min (lanes 3', 10', and 40' respectively) after addition of NTP. The arrows point to the 4,100 and 1,400 bp fragments characteristic of the synthetic cruciform. E: elongation. T: ternmination.
extruded in only a small fraction of the molecules in the DNARNApol pre-initiation complex (Fig. 6, lane a) . No additional extrusion could be observed either at 3, 10, or 40 min after the initiation of transcription (lanes 3', 10', and 40', respectively (Fig. 1) . Furthermore, this cruciform is stable for at least 60 min after the formation of the 'open complex' between the template and the RNApol (Fig. 2) . Yet, the presence of the synthetic cruciform does not have a qualitative effect on in vitro transcription of OX174 DNA (Fig. 4B) . This lack of a qualitative effect is most likely the result of the melting of the structure by movement of the transcription complex along the template (Fig.  5) . Moreover, transcription does not result in extrusion of the 48 bp palindrome from unheated templates (Fig. 6) , even though the overall superhelicity of the template (mean a = -0.05) should be sufficient for its stabilization (Fig. 1) .
The twin-domain model of transcriptional supercoiling predicts the formation of positive supercoils in front of the transcription complex, and the generation of negative supercoils behind it (21) (22) (23) (24) . How this effects the local superhelical density and the overall structure of the genome depends on many different factors in vivo, but is much simpler in an in vitro system. Other than multiple transcription complexes that are moving toward or away from each other, there are no other large macromolecules or membrane attachment sites that may inhibit the circular diffusional pathway that should lead to cancellation of the positive and negative supercoils. The OX system is even simpler, since all promoters fire in the same direction (Fig. 4C) . Thus, our data can be explained by a collapse of cruciform structures into the B-helix due to the positive supercoil (ie local reduction of negative superhelicity) of the advancing transcription complex. But these structures are not regenerated in the wake of the transcription ensemble, even though the local negative superhelicity has been increased. A likely explanation for this is a cancellation of the extra negative supercoils formed behind one transcription complex by the positive supercoils generated in front of an advancing second complex. The movement of RNApol away from the promoter may also allow binding of additional RNApol molecules, which would reduce the net superhelical density of the template during transcription elongation, and may therefore destabilize all cruciforms.
While multiple closely following transcription complexes may account for the absence of cruciforms during transcription elongation, the absence of any discernable structures after all transcripts are terminated (Fig. 5, lane 40' ) remains to be explained. Fig. 6 (lane 1') (Fig.1, lane c) , and we have speculated previously that a supra-structure (possibly a torroidal form) exists, which is yet a better sink for the available supercoil energy. Only large synthetic palindromes (such as the one in ins6240) can store sufficient energy (ie are stable enough) to compete with this supra-structure (Fig. 1, lane c) . However, both the large synthetic structures, as well as the hypothetical supra-structure, have kinetic barriers that prevent their formation at physiological temperatures, which allows the extrusion of naturally occuring palindromes. Our data then suggest, that melting the DNA during transcription overcomes the kinetic NTP pi E T barriers for formation of the supra-structure in its wake, which outcompetes the natural cruciforms (Fig. 6, lanes 3' to 40' ). However, this process does not lower the kinetic barrier sufficiently to allow extrusion of large synthetic cruciforms.
